Background: Alpha-1-Antitrypsin (AAT) deficiency (AATD) is a hereditary disorder that manifests primarily as pulmonary emphysema and liver cirrhosis. The clinically most relevant mutation causing AATD is a single nucleotide polymorphism Glu342Lys (Z-mutation). Despite the recommendation to test every COPD patient, the condition remains severely underdiagnosed with a delay of several years between first symptoms and diagnosis. The Grifols' AlphaKit® QuickScreen is a novel qualitative point-of-care (POC) in vitro screening test developed for the detection of the Z AAT protein in capillary whole blood. The objective of this prospective, international, multi-center, diagnostic, interventional real-world study was to assess the performance of this device for the detection of AATD in test-naïve COPD patients.
Background
Alpha-1-Antitrypsin (AAT) deficiency (AATD) is one of the most common hereditary disorders [1] . Clinical manifestations include pulmonary emphysema, liver cirrhosis, c-ANCA positive vasculitis and an inflammatory skin disease called panniculitis [2] . More than 150 genetic variants of coding gene SERPINA1 have been described [3] but the most common deficiency alleles are Pi*Z and Pi*S [4] [5] [6] [7] . In Pi*ZZ, Pi*SZ and some other rare genotypes, the serum level of AAT is deficient [8] [9] [10] .
According to the recent statement by the European Respiratory Society (ERS), diagnostic detection should target individuals with chronic pulmonary disease [11] . Similarly, in 1997 the WHO indicated that all patients with COPD should have their serum level of AAT tested [12] . However, despite these recommendations and the estimation that roughly 1% of subjects with COPD have AATD [2] , the condition remains underdiagnosed [13, 14] with a typical delay of several years between first symptoms and diagnosis [15] [16] [17] .
Although a number of detection initiatives and screening programs have been launched over the last several years [18, 19] , including in the primary care setting [20] , little progress has been made regarding the underdiagnosis and delayed diagnosis of AATD. Limited awareness and knowledge have been identified as the main barriers [21, 22] , but a cumbersome testing algorithm may also have a negative impact on the motivation to test for AATD. Currently, AATD testing is based on the combination of different laboratory methods, such as measuring the AAT concentration in serum, followed by a phenotyping and genotyping analysis [23] [24] [25] [26] . As this is a time-and cost-intensive approach, new tools allowing efficient and reliable detection of AATD at the primary care level are warranted.
The AlphaKit® QuickScreen (Diagnostic Grifols, Barcelona, Spain) is a novel qualitative in vitro screening test, with the characteristics of a point-of-care (POC) system, developed for protein Z detection in capillary whole blood [27] . The device is based on the lateral flow assay technology to deliver results within 15-30 min. It uses a mouse monoclonal antibody directed against the Z protein, which are dye labelled. In the event that a Z-variant is present in the blood, the labelled monoclonal antibody would bind to the Z protein in a "sandwich" position, drawing a red line in the reading panel (Z-AAT line). The Z-AAT signal will be positive for all Z allele carriers, regardless if the patient is heterozygous or homozygous for this gene.
In this international, multi-center, diagnostic, interventional real-world study, the performance of this novel device for the detection of AATD in test-naïve COPD patients was assessed.
Methods

Study design and objective
We performed a prospective, multi-center, international, diagnostic real-world study with the objective of assessing the performance of AlphaKit® QuickScreen, a novel vitro diagnostic screening device for AAT deficiency. The performance of the study was monitored by an external clinical research organization (ICON Clinical Research GmbH).
Patients AATD test-naïve COPD patients were recruited from 9 centers in Spain and 10 centers in Germany, ranging from primary to tertiary care. The samples were processed at the Hospital General Universitari Vall d'Hebron in Barcelona (Spain) and the University Medical Centre Giessen and Marburg (Germany). The inclusion criteria were: i) age ≥ 30; ii) diagnosed with COPD by postbronchodilator FEV 1 /FVC < 0.7; iii) being in a stable medical state; and iv)understanding of the study and agreement to give written informed consent. The exclusion criterion was that the participant had not been subjected to any AAT deficiency test before.
Sites identified eligible patients based on their medical records as a pre-screening step. Screening and enrollment occurred on the same day, and only patients who signed the informed consent form were included in the study.
Study device
The AlphaKit® QuickScreen is an immuno-chromatographic, in vitro diagnostic screening test for Z-AAT [27] . Each test requires 30 μL of capillary whole blood. The test is designated for use by qualified healthcare professionals only. The kit contains two variants of a monoclonal antibody against the Z-AAT protein. One is gold-labelled (detector) and the other one is immobilized on the surface on the test strip (capture). The sample (whole blood), together with the running buffer, releases the gold-labelled antibody (detector) out of its matrix. If the examined sample contains the Z-AAT protein, the antibody forms a complex with the analyte (gold-labelled anti-Z-AAT antibody -Z-AAT protein). This complex moves along the test strip by capillary action. At the "Z-AAT"-position, the "capture" anti-Z-AAT antibody is immobilized on the surface and binds the complex specifically via the Z-AAT protein. Depending on the concentration of Z-AAT within the sample, the intensity of the red/purple test line at the "Z-AAT"-position may vary. If the sample does not contain Z-AAT (e.g. Pi*MM), no complex can be formed and therefore no test line will appear. The excess gold-labelled antibodies bind at the control line ("Control") indicating that the chromatography worked properly.
For Z-AAT detection, 30 μL of finger stick capillary blood were added into the sample reservoir of the screening device and, after waiting 1-2 min, 3 drops of running buffer were applied. Within 15-30 min, the results were read in the display.
Testing device performance evaluation
Test performance was evaluated by analyzing the samples with the testing device and comparing the results with those obtained by genotyping.
Both positive and negative test results were confirmed independently and in a blinded manner by the central laboratory. For genotyping, the AlphaKit® (Diagnostic Grifols, Barcelona, Spain) test was used to collect finger stick capillary blood samples on the filter paper. After allowing the blood sample to dry for 1 h, the specimens were mailed to the testing laboratories in Marburg (Germany) or Barcelona (Spain) where genotyping for S and Z by means of the PCR technology and AAT level measurements were performed. The exact phenotype was determined in samples where the S or Z mutation was present (according to genotyping) or when the DBS-derived AAT level was < 110 mg/dl [23, 28] . The testing algorithm is summarized in Fig. 1 .
Data analysis
The sample size calculation was based on the assumptions that i) the percentage of COPD subjects with severe AATD Pi*ZZ was likely to be less than 1% in an unselected population; ii) the percentage of COPD subjects with heterozygous AATD Pi*MZ was assumed to be between 2 and 5%; iii) the percentage of COPD subjects with heterozygous AATD Pi*SZ was likely to be less than 1%, and iii) the total percentage of positive (any genotype combination with a Z-protein) with the tested screening device was expected to be between 2 and 5%. Therefore the number of subjects planned to be tested was 1000 (500 per country) with the expectation that 50 subjects would carry the Z-allele. The total number of enrolled subjects could be adjusted to exceed 1000, until 50 Z-positive samples were detected.
We performed descriptive statistics displaying continuous variables as mean ± standard deviation (SD), and categorical variables by number and percentage. To evaluate the performance of the test, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated compared with the gold standard (genotyping). Discrepancies were shown as numbers of false positive (FP) and false negative (FN) results. Causes of discrepancies were analyzed.
From the study-derived sensitivity and specificity, a variety of predictive values were calculated to simulate the test-performance under a number of clinical scenarios with different prevalence (pre-test probability).
SPSS Version 22 (IBM, Ehningen, Germany), and
GraphPad Prism Version 7 (GraphPad Software, Inc., La Jolla, USA) were used for calculations.
Results
Patients characteristics
One thousand and forty four test-naïve COPD patients that met the inclusion criteria were enrolled. Twenty-five of them were excluded: 20 due to missing results from the tested screening device or genotyping and 5 because the screening test was performed incorrectly.
The full analysis set consisted of 1019 patients, 549 from Germany and 470 from Spain. The mean age was 66.3 ± 9.7 years, the mean FEV 1 was 53.0 ± 20.3%pre-dicted, and the majority of the test population was male (69.3%). Baseline demographic and clinical characteristics of patients by country are shown in Table 1 .
Prevalence of pi*Z positive samples in the study population
Genotyping and phenotyping of all 1019 samples indicated that 4.12% of patients carried at least one Z-allele. The percentage of patients who carried the homozygous genotype Pi*ZZ was 0.29%. Results were similar in patients from Germany and Spain. Details for the S-and Z-allele by country are shown in Table 2 .
Testing device performance
Results of test performance for detecting Z protein showed high specificity and NPV of the tested screening Fig. 1 The testing algorithm is summarized. In both countries (Spain and Germany), the initial analysis consisted of the screening device (AlphaKit® QuickScreen) and the acquisition of blood on DBS (dried blood spot -AlphaKit). If the DBS-derived AAT serum level was ≥110 mg/dl and genotyping for the Z-and S-allele was negative, AATD was considered as excluded. All other samples underwent phenotyping to obtain a final result. DBS: dried blood spot; WBS: whole blood sample device when compared to genotyping (97.8 and 98.9%, respectively), while sensitivity and PPV resulted lower (73.8 and 58.5%, respectively). Detailed results of truly positive, truly negative, falsely positive and falsely negative samples are shown in Table 3 . The analysis of false negatives showed that all 11 patients were heterozygote Pi*MZ.
As the predictive values are based on the prevalence of the disease in the test population, we simulated the test-performance under a number of clinical scenarios (reported in the literature) with different prevalence (pre-test probability). The negative predictive value was high (> 98%) in unselected COPD populations (prevalence values taken from the literature) as well as in our study population, and decreased to lower numbers in a population with a very high pre-test probability (Table 4) .
Discussion
In this real-world study, we assessed the performance of a novel POC technology-based tool for the detection of AATD in test-naïve COPD patients. The tested device exhibited a high specificity and a moderate sensitivity.
More than 1000 samples were obtained from test-naïve COPD patients and compared to the gold standard, a combination of serum level, genotyping and -where applicable -phenotyping. The intended sample size was met and exceeded. The demographic and clinical profile of the studied population was the expected for the underlying pathology. Similarities between patients from both participating countries indicated that likely no selection bias took place.
The prevalence of samples carrying at least one Z-mutation was 4.1% in the overall test population (4.7% in Germany and 3.4% in Spain). The results of other targeted screening studies vary widely [29] , but recent screening studies in Germany and Spain in test-naïve populations similar to our populations yielded remarkably similar results. In a study on 971 COPD patients in Spain, a total of 2.9% carriers of a Z allele was found [30] , and in a population-based study, using health-care records in Catalonia, Barrecheguren et al. found that 5.3% of the test population exhibited an intermediated AAT serum level (50-100 mg/dl), most likely due to the presence of one Z-allele [31] . Similarly, Wencker et al. found a prevalence of 3.7% Pi*MZ in a German targeted test population [32] .
In our study, the tested device performed with a specificity of 97.8% and sensitivity of 73.8%. In the prevalence observed, this corresponded to a positive predictive value of 58.5% and a negative predictive value of 98.9%. The positive predictive value of 58,5% clearly indicates that further testing (genotyping/phenotyping) is absolutely mandatory to confirm and clarify a positive test result. However, for a screening test, the most important indicator of performance is the negative predictive value, as it describes the level of certainty with which the disease can be excluded after having obtained a negative test result. Comparing the examined screening device with other tests that are widely used in clinical practice, it is interesting to note that for example procalcitonin (in combination with CRB-65) exhibited a negative predictive value of 98.8%, also [33] . Furthermore, because all false negatives were heterozygote Pi*MZ, all Pi*ZZ and Pi*SZ have been correctly identified. The intermediate sensitivity of 73.8% may limit the applicability of the test in populations where the a-priory-probability is higher than in our current study population. As illustrated in Table 4 , the test sufficiently rules out AATD in our test population as well as in other unselected COPD populations where the prevalence of the Z-allele may be around 5% [34] , which would result in a negative predictive value of 98.5%. However, in clinical scenarios with an a-priory-probability of greater than 16.4% (examples could include COPD patients with an index case as a first degree relative or a young never-smoker with high-grade basal emphysema) the false negative rate would increase to values > 5%, probably judged as insufficient for use in that specific patient population. If a false negative rate of 10% would be judged as still acceptable, the prevalence of the population in which the test would be applicable, could be as high as 29.3%.
A further test-immanent limitation is that only deficient genotypes containing at least one Z allele can be detected [27] . In general, combinations of deficiency alleles without a Z-mutation such as Null/Null or S/Null are extremely rare [9, 35] . With the exception of countries like Italy where the prevalence of non-Z-mutations is considerably higher [36, 37] , this may not limit the usability of the test.
A combination of different laboratory methods has been described as the optimal strategy for the diagnosis of AATD [23] [24] [25] [26] , and quantitative measurements of the AAT serum level are used widely as the initial screening test [38, 39] , but the determination requires considerable time. Furthermore, as an acute phase reactant, levels of AAT may vary depending on clinical conditions. The tested screening device should not be seen as a diagnostic tool but could be used as a screening tool. Phenotyping and genotyping are necessary upon indication of a positive result. The test kit may have considerable potential to increase the overall AATD detection rate, simplifying the screening pathway. Early diagnosis is essential, as some individuals will qualify for augmentation therapy with AAT as well as benefit from lifestyle modifications.
Overall, these results demonstrate the tested device to be useful in primary care and in the overall COPD population, except in patients with a high a-priori-probability of AATD. In these patients, determination of the serum level and further diagnostic steps would be required.
Conclusions
We performed an international, multi-center, diagnostic, interventional real-world study to assess the performance of AlphaKit® QuickScreen, a novel device for the screening of AATD in test-naïve COPD patients. With a negative predictive value of 98.9%, we conclude this novel screening device to be useful in primary care and in the overall COPD population, except in patients with a markedly increased a-priori-probability of AATD. authors. Marion Trautmann (Grifols) was involved in the preparation of the study protocol and execution of the trial. ICON Clinical Research GmbH provided monitoring, data management, statistical input and programming, analyses as well as medical writing support. With great sadness, we commemorate Silvia Gimeno-Pustoslemsek who codesigned the study and was one of the driving forces during the conduct. On the 23rd of November 2017, she passed away. We miss her.
Funding
The study was sponsored by Grifols (Colmarer Straße 22, Frankfurt, Germany), manufacturer of AlphaKit® Quickscreen.
Availability of data and materials
The datasets generated and/or analyzed during the current study are not publicly available due to more secondary analyses but are available from the corresponding author on reasonable request.
Authors' contributions TG, FR-F, CFV, and MM designed the study. TG, FR-F, IB, and AK carried out the laboratory analyses. TG and MM wrote the manuscript in consultation with CFV. All authors provided critical feedback and helped significantly to shape the analysis and manuscript. All authors read and approved the final manuscript.
Ethics approval and consent to participate The study was approved by the ethics committee at the University of Marburg for all centers in Germany, and by the ethics committee at the University Hospital Vall d'Hebron in Barcelona for all centers in Spain. Only patients who signed the informed consent form were included in the study. PFT pulmonary function test, NPV negative predictive value, PPV positive predictive value
